Paradox (Juglans hindsii × J. regia), the dominant rootstock used in California, USA walnut production, has many desirable horticultural characteristics, but is highly susceptible to crown gall. Crown gall, caused by the bacterium Agrobacterium tumefaciens, is not consistently controlled with soil fumigation. This observation, in conjunction with observations of galls occurring in above ground grafting wounds, led to the hypothesis that A. tumefaciens inoculum may be endophytic in walnut seedlings. Paradox seeds collected directly from commercial Paradox mother trees (i.e., Juglans hindsii) were free of A. tumefaciens. Sampling conducted at multiple times during seed production revealed that seed-borne A. tumefaciens populations increased as a function of contact time with the orchard floor. In greenhouse experiments, seeds inoculated with A. tumefaciens produce seedlings with galls at the crown and/or roots in the absence of artificial wounding. Endophytic populations of A. tumefaciens were also found in shoot and root tissue. These data suggest that A. tumefaciens inoculum may exist as a resident endophyte and that timely seed collection, limiting contact with the orchard floor, may be an important first step in preventing crown gall disease of walnut.
INTRODUCTION
Paradox (Juglans hindsii × J. regia) is the dominant rootstock used in California, USA walnut production because it is precocious, vigorous, more resistant to Phytophthora root and crown rots, and enhances walnut yields. However, Paradox is susceptible to crown gall disease caused by the soil-borne bacterium Agrobacterium tumefaciens (Ogawa and English, 1991; Ramos, 1998; Flint, 2003) . Soil-borne populations of A. tumefaciens are hypothesized to be the principle source of inoculum. Consequently, the primary management strategy for crown gall is preplant soil fumigation (Ogawa and English, 1991; Agrios, 2005) which has proven to be inconsistent (Ramos, 1998; Flint, 2003) . Nurserymen, growers, and University of California Extension Farm Advisors have provided numerous accounts of crown gall outbreaks in fumigated walnut orchards. Additionally, in several fumigated nursery sites, accounts exist of galls forming not only on the crown and roots, but at grafting wounds well above the soil line. Galls forming on above ground parts were correlated with gall present at the crown or roots. In combination, these observations lead to the hypothesis that, in addition to incomplete fumigation, A. tumefaciens contaminated asymptomatic Paradox seeds or seedlings, may serve as a source of inoculum. In production orchards, these infected asymptomatic seedlings may result in systemic populations of A. tumefaciens which results in above and below ground galls despite soil fumigation.
These circumstances are similar to crown gall of grape where Agrobacterium vitis can establish a systemic population in asymptomatic grape vines. Symptoms manifest only where frost damage causes wounds (Agrios, 2005) . If A. tumefaciens can establish asymptomatic, systemic infections, contaminated seeds and seedlings would explain the outbreaks of crown gall in seemingly inoculum free soil. For these reasons, investigations testing the hypotheses of asymptomatic and/or systemic populations in seeds/seedlings were initiated. Here we report on the preliminary investigations examining; i) the prevalence of A. tumefaciens in Paradox seeds and ii) the prevalence of systemic populations of A. tumefaciens in walnut seedlings resulting from contaminated seeds.
MATERIALS AND METHODS

Seed Colonization
Two commercial Paradox mother blocks were sampled to investigate the prevalence of A. tumefaciens in/on hybrid seed. Seeds were sampled at three time points. The first time point was in October when the seeds were picked directly from the mother trees and were never allowed to contact the orchard floor. The second time point was in November. At this time point, the seeds had been shaken from the trees and gathered from the orchard floor and placed on a clean tarp. Seeds sampled at this time point were divided into two groups. Half were assayed immediately while the other half was placed back onto the orchard floor under a mother tree with crown gall symptoms until December, the third and final sampling point.
To detect the presence of A. tumefaciens, seeds were pooled in groups of five. In these groups, the exterior of the hulls were washed with a 1% Sodium Dodecyl Sulfate solution. Three hundred microliters of the wash were plated. At the first sampling time, the hull was peeled from the nut and suspended in 10 ml sterile distilled water (SDW). A piece of the hull and 300 µl of the solution were plated. The nuts were pulverized, suspended in 10 ml SDW, and 300 µl of the resulting slurry was plated. In the second and third sampling times, the hulls were not removed after washing. The hull and nut were pulverized together and suspended in 10 ml SDW. Three hundred microliters of the suspension were plated. All samples were plated onto 1A amended with 50 µg/L cyclohexamide and 80 ppm tellurite (Mougel et al., 2001 ). On 1A, A. tumefaciens forms large, dark, and sometimes mucoid colonies. These colonies, and a few randomly picked colonies, were subcultured onto 1A and subjected to Benedict's test and a Ti-plasmid specific PCR test. Benedict's test assays for 3-ketolactose production which is unique among Agrobacterium species (Moore et al., 2001 ). The T-DNA specific primers hybridize to a region uniquely found in virulent A. tumefaciens strains and generates a 220 bp fragment (Kluepfel, unpublished).
Endophytic A. tumefaciens Populations
Dehusked, germinating Paradox seeds collected from a crown gall-free independent commercial nursery were divided into three groups. Groups were subject to one of three treatments: 1) soaked in a suspension (3.3 × 10 7 CFU/ml) of a rifampicin resistant strain of virulent A. tumefaciens, 186-12-1r, and planted in sterilized potting media, 2) soaked in SDW and planted in potting media inoculated with 186-12-1r (1.9 × 10 7 CFU/ml), or 3) soaked in SDW and planted in steam pasteurized potting media. After three months growth under greenhouse conditions, half of the trees from each treatment were sectioned to determine endophytic populations of 186-12-1r in shoots and roots. The entire shoot was surface sterilized in 70% ethanol for 30 s and sectioned into 5 cm segments. One 5 cm segment from the root, at least 8 cm below the crown, was surface sterilized by scraping off the outer layers of tissue and soaking the segment in 20% bleach solution for 20 min. The segments were split in half longitudinally. One half was plated on trypticase soy broth agar amended with 100 mg/ml rifampicin sulfate (TSBA+rif) while the other was plated on 1A media. After incubation at 28°C for 24h, the segments were moved to a new section on the same plate to facilitate growth of aerobic bacteria under the plant material. The TSBA+rif and 1A were then incubated at 28°C for an additional 24 and 48h, respectively. Colonies were verified to be 186-12-1r by confirming rifampicin resistance on TSBA+rif and Ti-plasmid presence using Ti-plasmid specific primers. Using a sterilized grafting blade, the half of the trees not sectioned above, were cut to the xylem 8 cm above the crown. The plants are currently being observed for gall development at the wound site.
RESULTS
Seed Colonization
A single A. tumefaciens colony was isolated on 1A from one seed out of 300 seeds collected directly from the mother tree at the first sampling point. This colony was isolated from the exterior hull wash water. The colony was identified as avirulent. All additional colonies tested were determined not to be A. tumefaciens biovar 1. Avirulent A. tumefaciens strains were isolated from seeds collected from the second sampling point (i.e., after less than 30 days of contact with the orchard floor). Numerous other microbes isolated during this process were determined not to be A. tumefaciens. Seeds collected from the third sampling point (i.e., seeds in contact with the orchard floor for more than 30 days) were heavily infested with avirulent A. tumefaciens.
Endophytic A. tumefaciens Populations
All seeds soaked in 186-12-1r or soaked in SDW and planted into 186-12-1r infested soil developed galls on the crown and/or roots. Additionally, 186-12-1r was isolated from the interior shoot and root tissue of all these seedlings. The distribution of 186-12-1r was not continuous throughout the shoot, but grew from discrete locations randomly distributed up the stem. No galls formed on seedlings resulting from seeds soaked in SDW and planted in pasteurized potting soil. 186-12-1r was not detected in the shoots or roots of these plants. However, we did detect a resident endophytic Rhizobiaceae population in this tissue.
DISCUSSION
Traditionally, A. tumefaciens inoculum has been thought to reside in the soil (Flint, 2003; Agrios, 2005) . The California walnut industry, however, has experienced inconsistent control of crown gall even when the soil was treated with preplant fumigants. In some situations, preplant fumigation appears to lead to higher disease incidence. These observations have lead to the hypothesis; A. tumefaciens inoculum may reside in/on seeds or seedlings planted into fumigated soil.
Surveys of two blocks of Paradox producing mother trees demonstrated that seeds collected from the orchard floor can harbor populations of A. tumefaciens. Although only avirulent A. tumefaciens strains were detected, it is not unreasonable to assume that virulent A. tumefaciens strains will establish populations on seeds in a similar manner. Additionally, since avirulent A. tumefaciens only lack the transferable Ti-plasmid, the bacterium could acquire the plasmid and become virulent under natural conditions (Agrios, 2005) .
The source of A. tumefaciens on seeds, however, did not originate directly from the mother tree, but from the orchard floor. Limiting the duration of contact with the orchard floor may be an important first step in reducing A. tumefaciens contamination of seed. In a typical nursery, seeds fall naturally or are shaken from mother trees onto the orchard floor where they may be in contact with soil for a few hours up to a few weeks before harvest. Additionally, during the process of raking or blowing the seeds into rows for collection, seeds are continually mixed with soil from the orchard floor, again increasing contact with inoculum even if the final destination is a clean tarp.
Artificial inoculation of Paradox seeds demonstrated that infection and crown gall formation does occur on surface infested (i.e., soaked) seeds. In addition, systemic populations of A. tumefaciens can establish in the shoots and roots of seedlings inoculated in this manner. Interestingly, the majority of galls formed at lateral root initiation sites on the main and secondary roots.
Infested seeds also may serve as an inoculum source for clean seedlings. Previous research has shown that fumigation reduces the diversity of soil and enables an introduced species to colonize at an increased rate and establish higher populations (van Elsas et al., 2007; Kluepfel, unpublished) . Consequently, A. tumefaciens infested walnut seeds and seedlings planted in fumigated soil may facilitate development of elevated populations of A. tumefaciens, and hence higher disease pressure. Even a few diseased/infested plants may lead to significant and rapid inoculum development in a well fumigated field.
In summary, A. tumefaciens can establish in/on Paradox seeds left for extended periods in contact with the soil. A. tumefaciens contaminated seeds planted in sterile potting soil results in both elevated crown gall incidence and development of systemic A. tumefaciens populations. Consequently, limiting or eliminating contact of Paradox seeds with the orchard floor may aid in significantly reducing crown gall incidence in both nursery and orchard settings.
